Increasing home-grown forage production is important for the dairy industry. Double cropping of forage crops like corn (Zea mays L.) silage with cereal rye (Secale cereale L.) or triticale (× Triticosecale spp.) can increase full-season yield but could impact the length of the growing season for corn silage. Brown midrib (BMR) brachytic dwarf forage sorghum (Sorghum bicolor L.) has great potential as an alternative to corn silage in double crop rotations. Both winter cereals and forage sorghum require N management. Crop sensing is a promising approach for predicting end-of-season yields, the fi rst step in development of algorithms for sensor-based N management. Here we evaluated the impact of timing, sensor orientation and height of scanning, and the use of normalized diff erence vegetation index (NDVI) data vs. in-season estimated yield (INSEY) on the ability of sensor data to predict yield of forage sorghum. Four trials with N rates ranging from 0 to 224 or 280 kg of N ha -1 at planting (sitespecifi c) were implemented in four replications in 2014-2015. Scanning took place from 19 to 69 d aft er planting (DAP). Yield was measured at soft dough (111-124 DAP). Sensor height and orientation impacted the NDVI prior to 45 DAP but not once the canopy was fully developed. Most accurate yield predictions were obtained 49 DAP when the sorghum was 0.76 m tall. Th e INSEY expressed as plant growth per day (INSEY DAP ) best correlated with yield. We conclude that crop sensors can be used to accurately predict forage sorghum yields.
N
ew York is ranked fourth in milk production in the United States placing great emphasis on feed production in the state (National Agricultural Statistics Service, 2015) . Typical forage rotations on dairy farms in the state include 3 to 4 yr of corn followed by 3 to 4 yr of mixed alfalfa (Medicago sativa L.)/grass hay. Although corn silage yields have slowly increased over the past 50 yr (National Agricultural Statistics Service, 2016) , recent work has shown that double cropping of corn silage with winter cereals such as cereal rye and triticale has the potential to increase overall yield beyond what could be obtained with corn silage only (Ketterings et al., 2015a (Ketterings et al., , 2015b , reducing the need for feed purchases and improving whole farm mass nutrient balances (Cela et al., 2014; Soberon et al., 2015) .
Including winter forages in corn silage rotations in the northeastern United States can delay planting of corn for silage as the winter cereal is typically harvested in mid-to late May (Ketterings et al., 2015b) . In addition, due to the increased occurrence of extreme weather events in recent years (Coumou and Rahmstorf, 2012) , in some years the growing season may allow for timely planting of winter cereals by mid-September, while in other years delay in corn silage harvest will cause timely seeding in the fall of a winter forage crop to be a major challenge (Long et al., 2013) . Unpredictable weather patterns and relatively short growing seasons suggest that alternatives to corn should be evaluated in the Northeast.
Forage sorghum can be a good source of quality feed and has shown competitive yields in the past (Oliver et al., 2004) . However, lodging was an issue with older varieties. Currently, there are many forage varieties available that include conventional forage sorghum, BMR forage sorghum, and BMR dwarf and brachytic genotypes that are less susceptible to lodging (Bashford et al., 1976) and potentially high yielding.
Sorghum takes up large amounts of N. Th erefore, in soils containing insuffi cient available N, N will need to be supplied (Muchow, 1988) . Typically, for forage sorghum planted in June in the Northeast all N is applied at planting. Nitrifi cation inhibitors can be used, but given rapid growth and relatively late planting dates when seeded aft er winter cereal harvest in the Northeast, such inhibitors may negatively impact N availability. In addition to being impacted by weather conditions,
Core Ideas
• Forage sorghum has potential as alternative to corn silage in rotation with winter cereals.
• Crop sensing is a promising approach for predicting end-ofseason yields. Yield prediction is the fi rst step in development of algorithms for sensor-based N management.
• To develop reliable algorithms for fertility management of forage sorghum in double crop rotations that account for timing, height of scanning and sensor orientation.
• To evaluate which method of reporting of sensor measurements (NDVI, INSEY GDD , or INSEY DAP ) gives the better prediction of yield.
N requirement of crops is also impacted by field-to-field and within-field variability in soil resources including soil organic matter (Meisinger et al., 2008a (Meisinger et al., , 2008b . Greater gains may be achieved in N use efficiency with the implementation of an N management system that takes into account a diversity of soils and soil N supply potential across fields and regions. Variable rate application of N fertilizer using spectral radiance sensors can be used for performing mid-season corrections of N deficiencies, managing field variability, and reducing spatial variation in end-of-season yield (Stone et al., 1996) . Crop sensing can aid in identification of areas within fields that require additional N for optimal crop yield and quality, allowing for variable and more precise rate applications (Stone et al., 1996; Lukina et al., 2001; Raun et al., 2002; Tubaña et al., 2008) , enhancing N use efficiency.
The first step in the development of an algorithm for N applications for any crop is the development of a model to predict end-of-season yield. This can be done with mid-season spectral canopy measurements (Moges et al., 2007) . Predicting yield potential using sensors could be impacted by the timing (growth stage or plant height) of sensing and the sensor setup (sensor head orientation and sensor distance from the scanned canopy) (Martin et al., 2012 Over the last few decades proximal sensing, combined with variable rate application technology, has been successfully used to predict end-of-season yield and the probability of N responsiveness in grain crops including small grains (Stone et al., 1996; Lukina et al., 2001; Raun et al., 2002) and corn (Tubaña et al., 2008) . However, limited studies have been conducted for forage crops and, to our knowledge, no studies have evaluated the use of crop sensors for yield prediction of BMR brachytic dwarf forage sorghum in the Northeast. Raun et al. (2001) introduced the "estimated yield (EY)" as the fraction of the average NDVI acquired in two post dormancy dates divided by the cumulative GDD for the period from sensing Day 1 to Day 2. According to the authors, this index integrated the early season growing conditions and growth rate in the computation of EY for wheat grown for grain. A simplified and more accurate INSEY was suggested by Raun et al. (2002) as the fraction of NDVI divided by the DAP for days with GDD > 0. Teal et al. (2006) developed models to predict corn grain yield based on NDVI, INSEY GDD , and INSEY DAP with similarly good results (R 2 ranged from 0.73-0.77). The INSEY approach is particularly useful when combining data from different site-years because it normalizes NDVI measurements across time and various environmental conditions (Teal et al., 2006) , accounting for the growing conditions from planting to sensing, providing an estimate of the N uptake per day ) and the biomass produced per day (Raun et al., 2005b) .
The overall objective in this study was to evaluate the use and performance of proximal sensing for predicting end-of-season yield of BMR brachytic dwarf forage sorghum. The specific objectives were to evaluate: (i) the impact of sensor height (distance from plant canopy or ground) and sensor head direction (parallel or perpendicular to plant rows) on the relationship between NDVI and yield at three timings of sensing mid-season (Part A); (ii) the impact of timing of sensing (eight timings starting at growth stage 2 through boot stage) on the relationship between NDVI and yield using tractor mounted sensors (fixed height and orientation) (Part B); and (iii) the use of NDVI, INSEY GDD , and INSEY DAP for predicting end-of-season yield (Part C).
MATERIALS AND METHODS

Trial Design and Setup
Field trials were conducted at two central New York locations (Varna, NY, 42.458° N, 76.435° W; and Aurora, NY, 42.733° N, 76 .659° W) in 2014 and 2015. The soil type in Varna is a Hudson silt loam (a fine, illitic, mesic Glossaquic Hapludalf) and Collamer silt loam (a fine-silty, mixed, semiactive, mesic Glossaquic Hapludalf), while in Aurora it is Lima silt loam (a fine-loamy, mixed, semiactive, mesic Oxyaquic Hapludalf). None of the four fields had a manure history. These fields were selected to ensure crop response to N and hence the largest possible range in yields to test the ability of crop sensing to predict yield.
All fields were planted with BMR-6 brachytic dwarf forage sorghum (variety AF7102; Alta Seeds, Irving, TX). In 2014 planting was done on 20 June (Aurora) and 21 June (Varna). In 2015 the trial at Varna was planted on 12 June while in Aurora, extreme rainfall in June delayed planting until 2 July.
Different N application rates were used to create ranges in NDVI and yield. A randomized complete block design was used with five fertility treatments (0, 56, 112, 168, 224 kg of N ha -1 ) and four replications for both sites in 2014 and at the Varna site in 2015. In 2015, two additional rates at the Aurora site were implemented to create seven N application rates (0, 56, 112, 168, 224, 280, 336 kg of N ha -1 ) as yields did not reach a plateau with the five rates used in 2014. The plots were 18 m long and 3 m wide with six crop rows per plot. In Aurora, the N fertilizer (Agrotain treated urea, Koch Agronomic Services, LLC, Wichita, KS) was handapplied pre-plant while in Varna a 3-m drop spreader (Gandy Company, Owatonna, MN) was used. At least two rainfall events occurred within a week after fertilizer application at all 4 site-years, ranging between 19 and 36 mm of precipitation. A John Deere 450 grain drill (Deere & Company, Moline, IL) was used to plant sorghum at 0.38 m row widths and 0.08 m distance between plants within the row (16.8 kg of grain ha -1 for a population stand of 582,000 plants ha -1 ).
Crop Sensing
In 2014 (Part A), a GreenSeeker Handheld Crop Sensor HCS 100 (Trimble Ltd., Sunnyvale, CA) was used to measure the canopy reflectance from the sorghum plants in each plot. The specific sensor was low-cost (no connection or data logging capabilities). It displayed the average NDVI for the sensed area. The sensor's field of view is an oval shape and the size increases with the distance from target; the width of the sensed footprint ranges between 0.25 to 0.5 m when held at 0.6 to 1.2 m above canopy (Trimble, 2012 (Trimble, -2014 . Scans started on 30 July and were performed three times during mid-season, at 39, 44, and 48 DAP in Aurora; and 40, 46, and 49 DAP in Varna.
Two sensor installation settings were tested as factors to examine their effect on the NDVI: (i) the orientation: holding the sensor centered above the row with the long scanned footprint parallel or perpendicular to the row direction; and (ii) the height: holding the sensor 1.2 m aboveground (H1) or 0.9 m above crop canopy (H2). These two heights were selected as H1 is the maximum operating distance from the target which allows recording of the effect of soil reflectance in each measurement while H2 was the average between the minimum and maximum operating distance from canopy as instructed by the manufacturer. At every scan, the plant height was recorded and the three middle rows in each plot were individually scanned. The length of row for each measurement was 12.2 m.
In 2015 (Part B) a GreenSeeker 505 Handheld Sensor (NTech Industries, Ukiah, CA) was used which was coupled with a NOMAD 900 Handheld Computer (Trimble Ltd., Sunnyvale, CA) to georeference, log, and save the NDVI measurements. The measurement frequency was set to 1 Hz. The two middle rows in each plot were scanned eight times during the growing season starting at growth stage 2 (method defined by Vanderlip and Reeves, 1972) in late July (32-38 DAP, depending on the site) until early September (boot stage, 68-69 DAP). In each measurement, the sensor was positioned parallel to the row, 1.0 m from the top of the canopy, and directly above the plants. In addition, the plant height was recorded for each scan.
A direct comparison between the GreenSeeker Handheld Crop Sensor HCS 100 and the GreenSeeker 505 Handheld was performed scanning individual sorghum plants in the field at different growth stages, plant heights, and coverage. In addition to the plant reflectance measurements, wet and dry bare soil and soil with crop residues were also scanned to cover a large NDVI range. The sensors were positioned on top of the canopy, centered above the plants, at the same distance from canopy as used in the measurements for the direction and height in 2014 (using GreenSeeker Handheld Crop Sensor HCS 100, held 0.9 m above canopy) and timing of sensing in 2015 (using GreenSeeker 505 Handheld, held 1 m above canopy). These two distances were selected as the mean of the minimum and maximum operating distance from canopy according to the manufacturer's instructions. This comparison was done to evaluate if data from the two different sensors could be combined for multi-year analyses (Part C).
Harvest
was selected and hand harvested when plants reached 75% moisture content (111-124 DAP, depending on site and year). The plants were chopped at 0.1 m aboveground, weighed in the field, and subsampled for moisture content. The stand count, any gaps in the harvested rows larger than 0.3 m, and the actual length of the harvested rows were also measured during harvest.
Data Analysis
In Part A, data were analyzed using the MIXED procedure in SAS (Littell et al., 1996; SAS Institute, 2009 ) to test the effect of orientation and height on the NDVI measurements, and the interaction between sensor settings and the location. In addition, regression analysis was used to model final yield using NDVI measurements as predictors. The coefficient of determination (R 2 ) was used as the criteria to determine the best timing to scan with the sensor. In Part B a regression analysis was used to model final yield using INSEY DAP as predictor. The 2015 yield and NDVI measurements from both sites were combined and analyzed together. Because the crop sensor measurements were taken on slightly different DAPs in Aurora and Varna, the average DAPs (±2 d) were reported when combining the data from the two fields. The coefficient of determination (R 2 ) was used as the criteria to determine the best timing to scan with the sensor. In Part C the model to predict end-of-season yield was developed using the combined dataset of the 4 site-years. The use of NDVI vs. INSEY GDD and INSEY DAP as predictors of yield was evaluated using regression analysis. Similarly to the combined analysis in Part B, the average DAPs (±2 d) were reported when combining the data from the 4 site-years in the regression analysis for part C. The coefficient of determination (R 2 ) was used as the criterion to determine which of the above independent variables and which of the three sensing timings provided the better prediction of end-of-season yield. 
RESULTS AND DISCUSSION
Part A: Height and Orientation Yield increased with N addition at both sites in 2014 (results not shown). At Aurora, yield did not reach a plateau with rates up to 224 kg of N ha -1 indicating that higher rates should be included to calculate the most economical rate of nitrogen (MERN). Yields ranged from 8.9 Mg ha -1 when no N was applied to 17.9 Mg ha -1 with an application of 224 kg of N ha -1 . The highest yield at the Varna site was achieved with an application of 168 kg of N ha -1 , resulting in a yield of 15.0 Mg ha -1 as opposed to the zero-N treatment where only 6.9 Mg ha -1 of silage was obtained (results not shown).
The NDVI increased with N application for all three times of crop sensing reaching a plateau in NDVI when 112 and 224 kg of N ha -1 had been applied in Aurora and Varna, respectively. There were no interactions between height and direction of sensor and location for any of the three timings of sensing. Higher NDVI values were measured at lower proximity from canopy setting (H1: 1.2 m aboveground) for each timing and location, suggesting that height of scanning impacts readings Fig. 1 . Relationships between final yield of brown midrib brachytic dwarf forage sorghum and normalized difference vegetation index (NDVI) for trials conducted in (a) Aurora, NY, and (b) Varna, NY, measured at three dates in 2014 and at two height settings (Part A); 1.2 m from ground (H1) and 0.9 m from canopy (H2), using the GreenSeeker Handheld Crop Sensor HCS 100 (Trimble) . FC in the legends declare the sensor distance from canopy. of the hand-held sensor (Table 1 ). This result is consistent with the outcomes from a laboratory evaluation of the GreenSeeker handheld optical sensor (Model 505, NTech Industries, Ukiah, CA) used with ryegrass (Lolium spp.) planted in 0.45 by 0.19 m window boxes by Martin et al. (2012) .
Orientation impacted NDVI values at the two earliest dates of sensing (38-39 and 44-46 DAP) during which holding the sensor head perpendicular to the row direction (the long side of the scanning footprint was parallel to the rows) resulted in higher NDVI readings. At 48 to 49 DAP, when the canopy was fully developed, orientation no longer impacted readings (Table 1) . These results are consistent with Martin et al. (2012) who showed that orientation was a significant factor mainly due to the differences in the proportion of the scanned vegetation at earlier growth stages. Our results are also consistent with studies by Arnall et al. (2006) who concluded that the direction the sensor was traveling (parallel or perpendicular to rows) over a wheat for grain crop at Feekes 5 and 7 (when the crop canopy was similar in proportion of biomass in both directions) did not produce significantly different NDVI readings.
An exponential model gave the best fit to the data consistent with findings of previous studies for wheat harvested for grain ) and grain corn (Teal et al., 2006) . The regression analyses showed that H1 was better correlated with yield in all cases except the third scan in Varna (49 DAP). The latter showed poor results reflecting sensor error readings (resulting in missing data; Fig. 1b) when the unit was held too close to the crop canopy (0.45 m, plant height was 0.75 m; Fig.  6 ) late in the season. A few errors were also produced at the Aurora site 49 DAP and at both fields at the second measurement (45 DAP) when the sensor at H1 was only 0.6 m from the canopy. No errors occurred when scanning took place 39 DAP and sensor distance from the canopy at H1 was 0.7 m, indicating that 0.7 m is the closest distance from the scanning surface at which the handheld sensor could operate. The NDVI from both sensor orientations showed similarly good relationships with end-of-season yield, with the best predictions obtained at the site in Varna (Fig. 2) . In Aurora, poor soil conditions at planting led to irregular stands in the field which could have affected the relationships between NDVI measurements and final yield. The initial scan was impacted more because the plant canopy was significantly smaller and the effect from the soil reflectance in the measurements was higher. The two later scans in both locations (45 and 49 DAP; 0.63 and 0.76 m plant height, respectively) were best correlated with yield.
Part B: Timing of Sensing
Yield in 2015 increased significantly with N addition at both sites (results not shown). In Aurora, yields ranged from 8.2 DM Mg ha -1 when no N was applied to 21.1 DM Mg ha -1 when 224 kg of N ha -1 had been applied, reaching a plateau with an N application of 224 kg N ha -1 . Yield in Varna was 9.3 DM Mg ha -1 when no N was applied and 15.9 DM Mg ha -1 with 224 kg N ha -1 , the highest N application (results not shown).
The exponential model was the best fit for predicting endof-season yield, independent of timing of scanning. The NDVI from the initial scans was poorly correlated with end-of-season yield (R 2 < 0.3; Fig. 3 , INSEY 35DAP and INSEY 39DAP ). The R 2 increased as crop growth progressed resulting in a maximum value at 58 DAP when the plants were 0.97 m tall (R 2 = 0.69; Fig. 3, INSEY 58DAP ) . However, the range in INSEY values decreased over time (NDVI/DAP with DAP increasing while NDVI stabilized for later scans) and the variability of the NDVI measurements decreased as well indicating that the sensor becomes less efficient in capturing the differences between the plants with high and low yields later in the season. Raun et al. (2005a) suggested that the best time for sensing and to apply in-season N fertilizer is when the variability of the NDVI measurements is maximized. This can be expressed as coefficient of variation (CV) in NDVI values across all N treatments in our trials. In their study in corn the CV was maximized 33 to 35 DAP (V6 growth stage) (Raun et al., 2005a) . In our study, the NDVI variability was low initially (CV = 12.1%, 19 DAP), showed a maximum at 32 DAP (CV = 22.8%), and then decreased showing a minimum at 52 DAP (CV = 2.3%). After that, it slightly increased showing a maximum 62 DAP (CV = 7.5%) (Fig. 4) . Yield estimations in our study were unreliable with scans done prior to 39 DAP, suggesting that the CV in NDVI across a field might not be a reliable indicator for time of sensing across all locations.
Regression analyses showed that the earliest scan that provided acceptable yield predictions across the 4 site-years was done 49 DAP (R 2 = 0.68; Fig. 3, INSEY 49DAP ) when the plants were 0.76 m tall. Predictions with R 2 > 0.58 were also achieved in later measurements, however after 49 DAP the range of the INSEY was significantly lower and in-field corrections (N addition) would be difficult to do because of the progressed growth of the plants.
Part C: Correlation of Normalized Difference Vegetation Index with Final Yield
The direct comparison between the GreenSeeker Handheld Crop Sensor HCS 100 and the GreenSeeker 505 Handheld showed that the NDVI measurements provided by the two sensors were linearly correlated with a slope of 1.04 and intercept of zero (R 2 = 0.99; Fig. 5 ). Thus, data from trials conducted in 2014 and those conducted in 2015 could be combined.
Across all 4 site-years, DAP and plant height were highly correlated, reflecting that sorghum was grown as a summer forage crop in New York with GDD > 0 for all DAP (Fig. 6) . The INSEY DAP was better correlated to end-of-season yield than INSEY GDD and NDVI (Fig. 7) . The best prediction of yield was achieved with sensing, 49 DAP (INSEY 49DAP ; Fig. 7b ) when plant height was approximately 0.76 m. The relationship is described by the equation: Yield = 0.32 × exp (227.35 × INSEYDAP) where yield is in Mg ha -1 , and INSEY DAP is the NDVI divided by the days from planting to timing of sensing where GDD > 0. These results are consistent with a study by Moges et al. (2007) who concluded that the INSEY DAP at growth stage 3 and final yield of grain sorghum, using the same optical sensor as in our study, were well correlated.
CONCLUSIONS
Both height and orientation of the hand-held sensor impacted NDVI readings when scanning was done prior to full canopy development. Once the canopy was fully developed (plant height was approximately 0.76 m; 49 DAP), orientation no longer impacted NDVI readings. Measurements 1.2 m aboveground (closer to the canopy) resulted in higher NDVI readings than measurements standardized at 0.9 m above the canopy, but the sensor could not operate when placed <0.45 m from the canopy, impacting measurements taken after 49 DAP. The closest proximity to the sorghum canopy that the sensor could operate was 0.7 m. The best timing to scan to obtain end-of-season yield predictions was at a plant height of approximately 0.76 m (49 DAP across the 4 site-years), when the canopy was fully developed. This might be too late for corrective N management for the short-season crop, but it allows for yield determination in the absence of accurate forage yield monitors for BMR brachytic dwarf forage sorghum and development of a more accurate N recommendation system for the crop over time. Using INSEY DAP resulted in the best predictions of final yield as compared to raw NDVI measurements or INSEY GDD . We conclude that crop sensing is a promising technology for determining end-of-season yields of forage sorghum. However, timing of scanning and scanning height and orientation need to be standardized to develop algorithms that can cover a larger region.
